Background Corrective anterior reaming is an accepted method for addressing retroversion in a biconcave retroverted (Walch classification, type B2) glenoid in anatomic total shoulder arthroplasty. However, concern still exists regarding early glenoid component failure in the setting of severe retroversion, which may be related to loss of component containment and/or violation of subchondral bone resulting from reaming. The goal of this study was to determine what characteristics of B2 glenoids are less amenable to corrective reaming by virtually implanting anatomic glenoid components. Questions/purposes (1) How much medial reaming is required to correct the version of a B2 glenoid to an acceptable position? (2) Are glenoids with more severe retroversion (> 25°) at higher risk of component perforation than less retroverted glenoids? (3) Is correcting to 10°o f retroversion associated with greater risk as compared with reaming to 15°? (4) How does corrective reaming affect the underlying bone density on the glenoid face of B2 glenoids? Methods A series of 71 patients with B2 glenoids (posterior subluxation of the humeral head with posterior bone loss) with CT scans who were indicated for shoulder arthroplasty were reviewed. Forty-four of 71 glenoids (62.5%) had < 25°of native retroversion. Anatomic glenoid implants were then virtually implanted using threedimensional CT software that allows for preoperative shoulder arthroplasty planning to correct native retroversion to 15°or 10°of retroversion using both a central peg with an inverted triangle peg configuration or a keel. The amount of reaming of the anterior glenoid required to correct retroversion, perforation of peripheral pegs, or keel was compared. Additionally, assessment of the surface area of the glenoid that had poor bone density (defined as cancellous bone under the subchondral plate) was analyzed by the software after correction. Results Correction to 15°of retroversion required 5 6 3 mm of reaming, and correction to 10°of retroversion required 8 6 3 mm of reaming to obtain at least 80% seating. Peripheral peg perforation with correction to 15°o ccurred in 15 of 27 (56%) glenoids with > 25°of
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Introduction
Posterior subluxation of the humeral head with acquired asymmetric posterior glenoid bone loss (Walch B2 biconcave glenoid) remains a unique challenge in shoulder osteoarthritis. Clinical studies have shown that B2 glenoids have worse clinical outcomes with anatomic total shoulder arthroplasty, specifically with high rates of early glenoid loosening [3, 7, 11, 14-16, 19, 24, 25] . Several treatment options, including corrective reaming, use of bone graft in the neoglenoid defect, augmented prosthetic glenoids, or even reverse shoulder arthroplasty, have been proposed for shoulders with B2 glenoids without clear information about the indications or limitations of these procedures with respect to the severity of the glenoid deformity [7, 9, 11, 17, 19, 21, 22, 25] . However, controversy still exists regarding the treatment for B2 glenoids. Several studies suggest that the maximum degree of correction that can be obtained with corrective reaming is 10°b efore violating valuable anterior glenoid cortical bone [4, 5, 7, 11, 13, 14, 20, 23] . Additionally, glenoid component retroversion poses the risk of early component failure [8, 12] . The use of advanced three-dimensional (3-D) CT software allows surgeons to quantify patients' pathologic retroversion preoperatively and plan the appropriate correction to ensure that the prosthetic glenoid components are placed in the proper position within the glenoid vault [1, 2] .
Corrective reaming of the glenoid to accommodate more severe acquired posterior glenoid erosive deformities theoretically places the cortical bone of the anterior paleoglenoid at risk. This may lead to loss of bony support, downsizing of implants, and loss of peg or keel containment for traditional all-polyethylene glenoid components. The rationale of this study was to use a 3-D CT software program that allows for virtual implantation of shoulder arthroplasty to better understand what characteristics of B2 glenoids are less amenable to corrective reaming.
We therefore asked: (1) How much medial reaming is required to correct the version of a B2 glenoid to an acceptable position? (2) Are glenoids with more severe retroversion (> 25°) at higher risk of component perforation than less retroverted glenoids? (3) Is correcting to 10°of retroversion associated with greater risk as compared with reaming to 15°? (4) How does corrective reaming affect the underlying bone density on the glenoid face of B2 glenoids?
Patients and Methods
We performed a retrospective study of patients with radiographic glenohumeral osteoarthritis and B2 glenoid deformities with shoulder CT scans. We found the patients through a departmental billing database that identified all patients who had undergone an anatomic total shoulder or a reverse shoulder arthroplasty (Current Procedural Terminology code 23472) over a 3-year period (2013-2016). Institutional review board approval was obtained before study execution. Inclusion criteria were radiographic evidence of a B2 glenoid on preoperative radiographs and an adequate preoperative CT scan. Patients without CT scans or whose image quality was inadequate for software analysis were excluded. Among 2047 patients who underwent a shoulder arthroplasty over the time period, 92 patients had a confirmed B2 glenoid with CT imaging.
Overall, 71 patients had CT imaging that could be analyzed by the software. The average age at the time of surgery was 68 years (range, 48-89 years) with men comprising 78% of the cohort. Forty-four of 71 glenoids (62%) had calculated retroversion # 25°. Posterior humeral subluxation averaged 82% and ranged from 60% to 96% (Table 1) . Axial CT scans were uploaded into an automated software package (Glenosys; Imascap, Brest, France), which allows for virtual implantation of both anatomic and reverse shoulder arthroplasties. To be analyzed by the software, CT scans are required to be at maximum 1.25 mm in thickness and acquire the entire scapula for analysis of retroversion. The software will then generate coronal and sagittal reconstructions of the shoulder in the plane of the scapula. Glenoid retroversion and inclination as well as posterior humeral subluxation are automatically calculated by the software (Fig. 1) [2] . The software also allows the measurement of regional glenoid bone density based on Hounsfield units (HUs) calculated on the surface of the glenoid face. For analysis, the severity of the glenoid deformity was stratified based on degree of acquired glenoid retroversion (# versus > 25°). The decision to stratify was based on prior literature describing 25°of retroversion as a value in which surgeons should consider other strategies than corrective reaming [4, 6-11, 14, 17, 22, 25] .
We then performed virtual implantation of anatomic shoulder arthroplasty all-polyethylene glenoid components (Wright Tornier, Memphis, TN, USA). The software package only allows for implantation from one specific manufacturer. The software package chose the size of the glenoid component, which was then modified if needed by the first author (AWA), a fellowship-trained shoulder and elbow surgeon. Size was chosen to optimize fit and position on the native glenoid. Additionally, the backside radius of curvature of the component was selected to best fit the native glenoid face. Adjustments to glenoid components were made for all glenoids. The software allows for implantation of a variety of sizes of glenoid components as well as configurations with either a keel or a central peg with inverted triangle peripheral pegs. We chose a keel component to simulate an inline peg design. The glenoid component was placed in the geometric center of the native glenoid to improve anatomic reconstruction using a nonaugmented pegged (central and inverted triangle peripheral pegs) component initially. Glenoid component implantation proceeded with the goal of correcting glenoid retroversion to 15°or 10°and achieving 80% of backside glenoid component seating onto host bone. The values of version correction were chosen as acceptable maximum retroversion for a glenoid based on prior studies [8, 10, 12] . Corrective reaming was initially performed by virtually setting the desired version of the implant and then medially reaming the glenoid (often through the anterior subcortical bone) until there was 80% seating of the glenoid (Fig. 2) . We made no attempt to change the glenoid inclination angle. Amount of reaming was calculated based on the amount of the anterior glenoid face reamed (in millimeters). Once the position of the pegged component was finalized, a keeled component was placed in the same anatomic location to allow for comparisons regarding medial glenoid vault perforation (Fig. 3) . Analysis of bone density of the reamed glenoid surface after virtual glenoid implantation produced a color-coded map expressing bone density in HUs. Areas shaded red correlated with < 200 HUs, which represents poor bone quality (equivalent to cancellous bone). The software only provides a qualitative map that allows the user to estimate the percentage of surface area involved (Fig. 4) . This value is set as the threshold for poor bone density by the software based on previous literature showing this density is equivalent to poor-quality cancellous bone resulting in a virtual bone void for glenoid component support [16] . Outcome variables included the amount of reaming required on the anterior glenoid to achieve correction (in millimeters) and the proportion of glenoids with peripheral peg or keel perforation for each glenoid correction scenario. Additionally, we determined if corrective reaming created a situation in which > 10% of the entire glenoid face was associated with poor bone density (< 200 HUs). This value was predetermined after discussion by the senior authors (AWA, JDK) as a minimum threshold for concern because there is no known amount of poor bone density that is known to place glenoid components at risk for failure. The outcomes of interest were compared between the correction goals of glenoid retroversion of 15°a nd 10°with paired analysis. Additionally, these findings were compared between less severe (< 25°) and more severe glenoid retroversion (> 25°) deformities for each correction scenario. Finally, component perforation was compared between pegged and keeled glenoid components for each version correction. We obtained no clinical outcomes in this study. For statistical analysis, we analyzed the surface area map to estimate if the area of poor surface bone density was > 10% of the total surface of the glenoid.
Statistical Analysis
We used chi-square or Fisher's exact tests to compare dichotomous outcome variables, and we used two-tailed Student's t-tests to compare continuous variables. A p value of 0.05 was set as significant. We calculated relative risks for all categorical outcomes and calculated 95% corresponding confidence intervals (CIs). All statistical analysis was done using SPSS software (IBM, Armonk, NY, USA).
Results

Amount of Reaming Required
Correction of glenoid version to 15°of retroversion required 5 6 3 mm of reaming, and correction to 10°of retroversion required a mean of 8 6 3 mm of reaming to obtain at least 80% seating (Table 2) . Using linear regression with a best fit line using correlation, we found that for each 1°of increasing retroversion, 0.3 mm of additional reaming was required to achieve at least 80% seating of the glenoid component for correction to both 15°and 10°.
Risk of Glenoid Component Perforation Based on Severity of Glenoid Retroversion
Peripheral peg perforation with correction to 15°occurred in 15 of 27 (56%) glenoids with > 25°of retroversion compared with 10 of 44 (23%) of glenoids with < 25°of retroversion (relative risk [RR], 2.4; 95% CI, 1.3-4.6; p = 0.006). Glenoid version severity was not associated with the risk of perforation by the keel (Table 3) . Correction to 15°resulted in keel perforation of four of 27 (15%) more severe retroverted glenoids compared with four of 44 (9%) (RR, 1.6; 95% CI, 0.4-6; p = 0.462). Similarly, correction to 10°of retroversion led to an increase in peripheral peg perforation in more retroverted glenoids with 17 of 27 (63%) compared with 13 of 44 (30%) less severe retroversion (RR, 2.1; 95% CI, 1.24-3.66; p = 0.006). With keeled components, six of 27 (22%) more severely retroverted glenoids had keel perforation with 10°of correction compared with eight of 44 (18%) less severe glenoids (RR 1.2; 95% CI, 0.5-3.1; p = 0.678).
Risk of Glenoid Component Perforation With Increasing Correction
For all glenoids, increasing correction from 15°to 10°was not associated with increased perforation risk for either a peg or keeled component. 
Bone Density Analysis
Preimplant analysis found 68 of 71 (96%) of glenoids with some cystic changes on the glenoid face, resulting in one glenoid having a large area of poor bone density prereaming. For glenoids with native retroversion of > 25°, corrective reaming to 15°resulted in 10 of 25 (37%) glenoids having poor-quality bone density compared with only four of 44 (9.1%) less severely retroverted glenoids (Table 4 ; RR, 4.1; 95% CI, 1.5-12.8; p = 0.006). Similarly, correction to 10°of retroversion resulted in 13 of 25 (48%) glenoids with poor bone density when severe native retroversion deformities were noted. Comparatively, 10 of 44 (23%) of glenoids with # 25°of retroversion showed poor bone density after correction (RR, 2.1; 95% CI, 1.1-4.1; p = 0.028).
Discussion
Corrective reaming for acquired glenoid retroversion deformities is an accepted method of treatment for mild to moderate glenoid deformities; however, the limits of deformity correction are not well defined and may vary based on the surgical goals of implant position and the design of the glenoid component. The results of this study show that both higher initial retroversion and larger anteversion correction will impact the risk of implant perforation and exposure of poorer density subchondral bone.
There are several limitations to this study. First, it is a virtual implantation study using 3-D CT software and does not correlate with clinical survivorship or outcomes. However, given the uncertainty and concern for catastrophic failure of total shoulder arthroplasty in patients with very severe retroversion, a similar study could not be replicated in the clinical scenario. Second, the software only allows the use of a single manufacturer's glenoid components and does not permit comparisons between implants of various designs. The software does choose a glenoid component size and position, but the authors needed to change position and size for more optimal position in each case. Implantation was only done once for each patient. However, implantation was performed by a fellowship-trained shoulder and elbow surgeon, and the software allows for easy virtual implantation. Finally, there is no known quantity of poor bone density that correlates with early glenoid component loosening. We chose a relatively low threshold to define acceptable remaining bone density; however, we recognize the lack of clinical data defining these limits. Additionally, we were unable to quantify the actual amount of surface area with poor bone density, but had to rely on estimation of surface area.
For each degree of increasing retroversion, anterior reaming of 0.3 mm was required to obtain the amount of correction desired to either 15°or 10°. For more severely retroverted glenoids, this amount of reaming easily approached 10 mm. Cadaveric studies have consistently found correction of 10°from native retroversion (minimum 3 mm of reaming) as the maximum amount of correction that can be obtained for fear of possibly violating the subchondral bone [6, 10, 14, 18] . However, these studies were unable to accurately quantify the amount of bone and, more importantly, the quality of the remaining glenoid bone affected by aggressive reaming. A previous study examining bone density in B2 glenoids showed variability in subchondral bone density between the paleo- and neoglenoids suggesting that a more accurate analysis of the detrimental effects of reaming should be performed in diseased shoulders [16] . Our study found a linear relationship between severity of retroversion and amount of reaming required to achieve version correction. Using pegged component risks perforation, especially with more severe corrections; however, using keeled components reduces that risk. Corrective reaming may lead to peripheral or central perforation and loss of the cement mantle support for an anatomic glenoid component. We used a pegged implant with an inverted triangle configuration and a central peg with flanges for bony ingrowth. We did not consider central peg perforation as a violation of the glenoid vault with this design because this peg is generally uncemented. An inline pegged glenoid may decrease the amount of peripheral perforation observed with corrective reaming [23] . We used a keeled implant to simulate an inline peg design and found decreases in the perforation risk for both degrees of correction in more and less severely eroded glenoids. There is some clinical evidence to suggest that peripheral peg perforation does not affect outcomes when using a component with a central ingrowth peg [13] . However, an inline pegged or keeled component will decrease the perforation risk in posterior bone loss. A keeled implant (or an inline pegged implant) allows more anteversion correction than an implant with peripheral pegs and reduces the chance of medial implant perforation by two to three times. With less severe glenoid deformities, highside reaming to an acceptable version angle is generally safe given our defined parameters depending on the type of glenoid implant used. However, with glenoid retroversion deformities of > 25°, keel perforation was still observed in 11% to 20% of patients and 37% to 48% of patients had poor-quality bone density.
Extra correction from 15°to 10°did not increase the risk of perforation with either pegged or keeled components. Excessive glenoid component retroversion may contribute to an increased rate of radiographic loosening. Ho et al. [12] studied a series of 66 anatomic total shoulder arthroplasties using an all-polyethylene glenoid component with a central peg designed for osseous ingrowth. The authors found that glenoid components with residual retroversion of $ 15°were associated with five times increased odds of radiographic osteolysis. More recently Service et al. [21] found that glenoid component version of > 15°did not correlate with ROM, clinical patient-reported outcomes, or radiographic survival. However, followup in this study was limited to 2 years, and they did not compare outcomes with a similar group of patients with normal glenoid version. These findings suggest that glenoid retroversion can play an important role in the longevity of a total shoulder arthroplasty.
Increased corrective reaming in more retroverted glenoids places the anterior surface at risk of having poor bone quality supporting the glenoid component. Recently, Chen et al. [4] used a proprietary software to analyze bone density of B2 glenoids with corrective reaming. They found that correction to 10°of retroversion affected the underlying glenoid bone density. Similarly, our analysis of bone density after corrective reaming found that 20% of the glenoids in this study had areas of poor bone density with correction to 15°of retroversion. This increased to 32% of glenoids with correction to 10°. Poor bony density, despite adequate seating of an anatomic glenoid component, may explain the decreased radiographic survivorship of glenoid components with B2 glenoids.
This study highlights several clinically relevant findings when placing an anatomic polyethylene glenoid in patients with B2 glenoid deformities. When the goals are to place the components between 10°and 15°of retroversion and to achieve a minimum of 80% baseplate support, there are clear limits to the severity of the deformities that can be addressed with high-side reaming alone.
Assuming our defined bone density threshold is clinically relevant, in these patients, alternative strategies such as an augmented glenoid, bone grafts, or reverse shoulder arthroplasty should be considered.
In conclusion, the findings of this study suggest virtual implantation of anatomic glenoid components is associated with a high rate of peripheral peg perforation with correction to both 15°and 10°retroversion in shoulders with more severe acquired retroversion deformities. Glenoid retroversion of > 25°was associated with a higher risk of peripheral peg perforation. Keeled components had a lower risk of perforation than pegged implants and showed no differences in risk of perforation based on severity of native retroversion. Additionally, retroversion > 25°resulted in a higher risk of poor bone quality density behind the component on the glenoid face after corrective reaming. When contemplating arthroplasty options for patients with B2 glenoids with > 25°of retroversion, surgeons should consider options other than corrective reaming alone if achieving normal glenoid version is desired.
